A new methodology to take into account differential diffusion in numerical simulations of reactive flows is presented. Within this new method, the diffusion term in the transport equations of the conserved scalars consists of two parts, one expressing the diffusion between the conserved scalars and one expressing the feedback from the combustion model. The second term, which is often neglected, has been shown to have a substantial influence in the flow field. In addition, there is a reduction of the number of transport equations to be solved from the number of species (minus one) to the number of elements (minus one), and the chemical source term in the transport equations is absent. We apply the new method to a laminar, axi-symmetric H₂/N₂ -air diffusion flame and compare the calculations with experimental data. When differential diffusion effects are properly taken into account in the transport equations in physical space, simulation results agree well with the experimental data. Ignoring differential diffusion effects is not acceptable, due to lack of H₂ diffusion close to the jet inlet.
Introduction
Numerical simulations of reactive flows typically involve mixtures of different chemical species, each one with different properties. Hydrogen is much lighter chemical specie when compared to other chemical components (e.g. CO₂, N₂ or O₂). This much smaller molecular weight of hydrogen is causing it to behave differently than the other chemical species in a mixture (to diffuse faster than other chemical species, e.g. CO₂).
In practice, combustion processes occur in a turbulent atmosphere. Numerical simulations of turbulent combustion nowadays rely on the assumption that every chemical component diffuses the same, i.e. has the same diffusivity in the mixture. In case of fossil fuel this assumption is reasonable. In case of hydrogen combustion, however, this assumption is less valid. Mostly, this differential diffusion effect is ignored when performing numerical simulations of turbulent combustion because it either leads to great modelling simplifications or because it is expected that turbulent mixing is a far more dominant process than molecular mixing so that the turbulent diffusivity is an order of magnitude larger than the molecular diffusivity.
Apart from assuming equal mass diffusivities for all chemical species, another usual assumption made when modelling reactive flows is to consider equal thermal and mass diffusivities, leading to unity Lewis number for all chemical species. The use of these two assumptions then leads to the definition of a conserved scalar, the mixture fraction, which uniquely describes the transport of species [1] . By making use of conserved scalars (scalars whose value does not alter when they undergo a chemical reaction) the solution of the fluid movement is decoupled from the chemical reactions. This framework has formed the basis upon which many combustion models rely [2] [3] [4] . The mathematical deduction of these scalars relies on the assumption that all chemical components diffuse equally but in reality this is not the case. Yet, this is often ignored because no simple model exists that can include them or because an appropriate diffusion coefficient has to be selected for the mixture fraction in order to account for the different diffusivities of the chemical species. If differential diffusion effects are taken into account, the local species concentrations, heat release rates and flame temperatures strongly differ from the ones predicted by the equal diffusivity assumption [5] . With the new methodology presented below, differential diffusion is taken into account, while the disadvantages mentioned are avoided. It is discussed that inclusion of feedback from the combustion model is prerequisite to properly account for differential diffusion effects on transport in physical space.
Description of the methodology
Starting from the set of transport equations for chemical species, with the species mass diffusive flux expressed by Fick's law, linear combinations of the equations can be made such that the chemical source term vanishes. As such, the transport equations for the elemental mass fractions, By introducing the above property and the conserved scalars, , in Eqs (1):
is the Jacobian matrix of function C .
In comparison to the classical mixture fraction approach, now the diffusion term of the conserved scalars consists of two parts: D₁, expressing the diffusion of the conserved scalars, and D₂, expressing the feedback from the combustion model. Note that without differential diffusion all the e N conserved scalars in Eqs (2) follow the same transport equation. The reader is referred to [7] for a more comprehensive presentation of the methodology.
In addition to Eqs (2), the continuity equation, the low-Mach number form of the Navier-Stokes equations and a transport equation for enthalpy are solved. The ideal gas law is used to determine the density of the mixture from the other thermodynamic variables. The transport equations for mass, momentum and enthalpy read:
where p is the pressure, is the viscous stress tensor, g is the gravity vector, h is the enthalpy, α is the thermal diffusivity and Q is the radiative heat flux.
Viscous heating has been neglected in the enthalpy equation, a reasonable assumption for low-Mach number flows, while the last term accounts for the non unity Lewis number,
Test case
The new methodology is applied to the laminar, axisymmetric H₂/N₂ -air diffusion flames reported by Toro et al. [8] [11] . Radiation is modeled by the finite volume Discrete Ordinates Method (fvDOM), assuming that the only significant radiating species is H₂O [8] .
Results
The computed temperature distributions for the cases with and without differential diffusion are presented in two-dimensional snapshots in Figure 3 . The adiabatic stoichiometric temperature of the H₂/N₂ mixture is ≈2040 K. The characteristic 'wishbone' flame structure [12] [13] [14] [15] [16] [17] is obtained and the flame reaches its maximum temperature very close to the inlet, at the edges of the jet if differential diffusion effects are taken into account. Without differential diffusion effects, however, the maximum flame temperature, corresponds to the adiabatic flame temperature of the mixture, and is found on the centerline at a location about 10D downstream. In this case the diffusivity of H₂ is about 5 times less than it should be and, as a consequence, it does not diffuse as fast towards the edge as it does in reality. As such, it is convected downstream, shifting the maximum flame temperature downstream as well. Results for temperature and species mole fractions on the centerline at location up to y = 100 mm above the inlet are presented in Figure 4 . It is observed that fuel is completely consumed by y = 50 mm, coinciding with the maximum values for temperature and H₂O mole fraction. The temperature profile is well captured by the simulations with differential diffusion and the same applies for the mole fractions of species mole fractions. On the other hand if differential diffusion effects are neglected, the peak temperature on the centerline shifts much further downstream and the temperature distribution is not well captured. This also leads to discrepancies in the species mole fraction results when compared with the experimental data. Ignoring the D₁ diffusion term also leads to a strong under-prediction of the maximum flame temperature. At height y = 3 mm ( Figure 5(a) ) a peak in temperature of T = 1941 K at location x = 5.8 mm, about 1.3 mm outside the radius of the inlet is predicted if differential diffusion effects are considered. This is due to the high diffusivity of H₂ which causes the flame to stabilize at a location outside the inlet radius. A thin zone of high temperature is observed with the peaks of T and H₂O mole fraction, as expected, to coincide. The fuel rich (inner) and fuel lean (outer) sides of the jet are correctly predicted by the simulations and compare well with the experiments. The non-monotonic change of the mole fraction of N₂, as observed by the experiments, is also observed in the simulations with differential diffusion. The peak values of H₂ and N₂ mole fractions are well predicted, although the profiles are a little wider than the experimental ones. Without differential diffusion the peak value of the flame temperature is similar but the lean side of the jet is under-predicted, having a much narrower profile. In this case the profiles of species mole fractions are also not well captured. At location y = 10 mm ( Figure 5(b) ), an increase in the width of the high temperature zone is observed. The peak temperature of T = 1917 K compares quite well with the experiments. However, the lean side of the flame is slightly wider than the experiments. Even though the centerline temperature is still close to the ambient one, now H₂, due to its high diffusivity, has decreased followed by an increase of N₂. At this location, the non monotonic change of N₂ is again quite well captured by the simulation results. The results without differential diffusion capture also quite well the peak temperature but severely under-predict the temperature at the lean side of the flame. At this location, the profiles of species mole fractions are again not well predicted.
At location y = 20 mm ( Figure 5(c) ), an increase of the centerline temperature is observed, followed by a decrease of H₂ and the diffusion of H₂O from the reaction zone to the centerline. Here, the width of the high temperature zone has increased even more when compared to y = 10 mm. The simulations with differential diffusion effects are able to predict the temperature field and the species mole fractions quite well. At this location, the temperature profile in the lean side of the flame is again wider when compared with the experimental data. For the simulation results without differential diffusion similar observations apply like in the previous locations examined. The temperature profiles are much narrower, under-predicting the lean side of the flame.
A further increase in the centerline temperature is observed at location y = 30 mm ( Figure 5(d) ), followed by a decrease in the mole fraction of H₂. At this location, dilution with co-flow air begins to dominate the further development of the flame. Again the temperature and the species mole fractions are well captured if differential diffusion effects are taken into account. At this location the simulation results without differential diffusion don't compare well with the experiments. At much lower centerline temperature is predicted, while the H₂ and N₂ mole fractions are greatly over and under-predicted, respectively.
Conclusions
A new methodology has been presented to take into account differential diffusion in the transport equations in physical space. Within this new method, the diffusion term of the conserved scalars consists of two parts, one expressing the diffusion between the conserved scalars and one expressing the feedback from the combustion model. The second term, which is usually neglected, has been shown to have a substantial influence in the flow field. In addition, there is a reduction of the number of transport equations to be solved from the number of species (minus one) to the number of elements (minus one), and the chemical source term in the transport equations is absent.
Results from the application of the new model in a laminar H₂/N₂ -air diffusion flame have been presented for temperature and main species (H₂, H₂O, O₂, N₂) mole fractions and compared with experimental data. If differential diffusion effects are taken into account, the comparison of the simulated results with the experimental data is very good for the temperature and species mole fractions, at all locations examined. Without differential diffusion effects, the predicted results are not in good agreement with the experiments, due to lack of H₂ diffusion close to the jet inlet. This leads to a wrong prediction of the location and the peak of the flame temperature but also to a strong overprediction of the species mole fractions at all locations. Differential diffusion effects were present at the edges of the inlet, where H₂ diffuses faster that the other species, but also on the centerline at locations more than 10D downstream, where there is less H₂ compared to other species. The inclusion of the D₂ diffusion term has been shown to be important in order to accurately predict the temperature and species mole fractions.
While the method has been illustrated on a laminar flame, it can also be extended for turbulent flames as well. Research on this is ongoing.
